
Food &
Function

PAPER

Cite this: Food Funct., 2024, 15, 1513

Received 25th September 2023,
Accepted 27th December 2023

DOI: 10.1039/d3fo04103d

rsc.li/food-function

Silicon-enriched meat positively improves plasma
lipidaemia and lipoproteinaemia, LDLr, and insulin
capability and the signalling pathway induced by
an atherogenic diet in late-stage type 2 diabetes
mellitus rats†

Marina Hernández-Martín,‡a Adrián Macho-González,‡b Alba Garcimartín,*c

Mª Elvira López-Oliva, *a Aránzazu Bocanegra, c Rocío Redondo-Castillejo, c

Sara Bastida,b Juana Benedí c and Francisco J. Sánchez-Munizb

The impact of silicon as a functional ingredient in restructured meat (RM) on lipoprotein composition,

metabolism, and oxidation on type 2 diabetes mellitus (T2DM) markers has never been studied. This study

aims to evaluate the effect of silicon-enriched-meat consumption on lipidaemia, lipoprotein profile and

metabolism, plasma arylesterase, and TBARS and their relationships with glycaemia, insulinaemia, and

insulin-signaling markers in late-stage-T2DM rats fed a high-saturated-fat-high-cholesterol (HSFHC) diet.

Saturated-fat diets with or without added cholesterol were formulated by mixing a 70% purified diet with

30% freeze-dried RM with or without added silicon. Three groups of seven Wistar rats each were tested.

The ED group received the control RM in the framework of a high-saturated-fat diet as early-stage T2DM

control. The other two groups received streptozotocin-nicotinamide administration together with the

HSFHC diet containing the control RM (LD) or silicon-enriched RM (LD-Si). Scores were created to define

the diabetic trend and dyslipidaemia. The ED rats showed hyperglycaemia, hyperinsulinaemia, hypertrigly-

ceridaemia, and triglyceride-rich-VLDLs, suggesting they were in early-stage T2DM. LD rats presented

hyperglycaemia, hypoinsulinaemia, and reduced HOMA-beta and insulin signaling markers typical of late-

stage T2DM along with hypercholesterolaemia and high amounts of beta-VLDL, IDL, and LDL particles

and low arylesterase activity. All these markers were significantly (p < 0.05) improved in LD-Si rats. The

diabetic trend and diabetes dyslipidaemia scores showed a high and significant correlation (r = 0.595, p <

0.01). Silicon-enriched-meat consumption counterbalances the negative effects of HSFHC diets, func-

tioning as an active hypolipemic, antioxidant, and antidiabetic dietary ingredient in a T2DM rat model,

delaying the onset of late-stage diabetes.

1. Introduction

Type 2 diabetes mellitus (T2DM) is associated with lipid and
lipoprotein alterations which may result in the development of
severe dyslipidaemia.1–4 An adequate balance between lipopro-

tein production and clearance minimizes the cardiovascular
risk in T2DM and improves the survival of T2DM patients.3,5,6

The scavenger receptor, class B type 1 (SR-B1), is known to par-
ticipate in maintaining plasma HDL levels,7,8 while low-
density lipoprotein receptor (LDLr) is involved in the clearance
of Apo E/B100-containing lipoproteins (VLDLs, IDLs, LDLs).9,10

In addition, lipoprotein changes seem to be associated with
modifications in the InsRbeta/PI3K/AKT insulin signalling
pathway.11 Although plasma lipid and lipoprotein levels play a
decisive role in cardiovascular disease (CVD) risk, there is con-
sensus that the oxidation of lipoproteins, such as LDLs and
VLDLs, speeds up the atherosclerotic process.9,12 Arylesterase
(AE), one of the recognized activities of the paraoxonase
enzyme, plays an important role in reducing lipoprotein
oxidation12–14 and maintaining high concentrations of other
antioxidant enzymes. For this reason, AE is considered a
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suicide enzyme.15 The excessive consumption of meat and
meat products has been associated with prooxidant states and
degenerative disease development.16,17 Meat consumption has
been associated with the T2DM risk and even used as a clini-
cally useful risk factor for T2DM based on studies evaluating
the risks associated with meat consumption as a categorical
dietary characteristic (i.e., meat consumption versus no meat
consumption), as a scalar variable (i.e., gradations of meat
consumption), or as part of a broad dietary pattern.18

Although there is consensus on reducing meat consumption,
the possibility to design healthier meat is a valuable tool,
which is applicable to people accustomed to eating large
amounts of meat with very low adherence to other foods, such
as fish and vegetables.19,20 Thus, the design of functional meat
products enriched with bioactive ingredients capable of
decreasing the T2DM risk and its associated cardiometabolic
changes (e.g. glycaemia, lipidaemia, CVD and atherogenic risk
associated with metabolic syndrome) is considered a useful
dietary tool against T2DM.21–23 Several ingredients have been
proposed, with most of them of vegetable origin,22,24 although
minerals such as Cr, Si, and Se have been also suggested.25

Silicon is an essential mineral that has evidenced impor-
tant health properties on bone cartilage and cognitive function
due to its protective role against aluminium and its impli-
cation in Alzheimer’s disease.26–29 However, studies associat-
ing silicon with CVD protection are relatively scarce. Silicon
added to the diet has been found to decrease cholesterol
absorption30 and the postprandial lipaemic response in rats.31

On the other hand, supplemental silicon may stimulate endo-
thelial and arterial integrity by mitigating the detrimental
effects of cholesterol in rabbits.32 Our group has shown that
the consumption of silicon as a supplement by healthy rats31

or as a functional ingredient included in a silicon-enriched
restructured meat (RM) in the framework of atherogenic diets
induces hypoglycaemic, hypolipaemic, antioxidant, and anti-
inflammatory properties and decreases the evolution of non-
alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis
(NASH) in aged rats.25,33 However, to the best of our knowl-
edge, currently there is no available information regarding the
role of silicon and/or silicon-enriched RM in improving hyper-
glycaemia and dyslipidaemia and plasma oxidation in T2DM
murine models.

In this study, we hypothesize that the consumption of a
silicon-enriched RM (Si-RM) positively impacts late-stage
T2DM by preventing hypoinsulinaemia, excessive levels of
plasma glucose, dyslipidaemia, and lipoprotein oxidative
changes, and bringing metabolic events closer to early stage
T2DM. To this aim, late-stage and early-stage T2DM were
induced following validated rat models.32 The objective of this
work is to examine the effects of consuming silicon in a RM
product in a late-stage T2DM rat model fed with a high-satu-
rated fat high-cholesterol (HSFHC) diet. Specifically, our aim is
to evaluate: (a) fat and diet digestibility; (b) glycaemia, insuli-
naemia, and HOMA-beta; (c) InsRbeta/PI3K/AKT insulin sig-
nalling markers; (d) lipidaemia, lipoprotein profile and com-
position; (e) plasma AE and TBARS; and (f) levels of liver LDLr

and SR-B1. In addition, the work seeks to ascertain any exist-
ing correlation between glucose homeostasis and lipoprotein
metabolism markers and scores and to assess the possible
change from late-stage to early-stage in T2DM rats fed silicon.

2. Materials and methods
2.1. Silicon-enriched restructured meat and diet preparations

The preparation of the control RM was carried out as pre-
viously described.34 The main ingredient used was lean
minced meat (50% pork: 50% veal) after mixing it in a blend
with lard for 1 minute using a grinder-homogenizer connected
to a cooling bath (2 °C) (Stephan Universal Machine UM5,
Stephan u. Söhne GmbH and Co., Hameln, Germany). Si-RM
was prepared following the same procedure as the control RM
with the addition of silicon. The dose of silicon (G5TM, Glycan
Group, Genève, Switzerland) was determined based on differ-
ences in silicon consumption between Western and Eastern
populations, as indicated by Garcimartín et al.25 Once the RM
were prepared, they were lyophilized in a LyoAlfa 10 freeze
dryer (Telstar, Terrassa, Spain) for 48 h. The resulting freeze-
dried products were then ground into a fine homogeneous
powder using a refrigerated mincer (Stephan Universal
Machine UM5, Stephan u. Söhne GmbH and Co., Hameln,
Germany) for two minutes. The formulation and composition
of the diets are detailed in Table 1. Briefly, for each kilogram
of diet, 30% of RM and 70% of a purified formulated diet were
mixed and subsequently sieved three times until completely
homogeneous power was obtained. Three experimental semi-
synthetic diets were prepared: (a) a high-saturated fat (HSF)
diet (50%En and 20.4%En from fat and saturated fatty acids,
respectively) containing the control RM; (b) a HSFHC diet
(HSF with the addition of 1.4% cholesterol plus 0.2% cholic
acid) containing the control RM; (c) a HSFHC diet containing
the Si-RM. To reach that supplementation, a specific volume of
organic silicon containing 67 mg of elemental silicon was
added to 1 kg of meat matrix. The final concentration of
silicon in the total diet was 20 mg Si kg−1 diet.

2.2. Experimental design

Male Wistar rats aged two-months old were obtained from
Harlan Laboratories (Harlan S.L., Barcelona, Spain) and
housed in pairs under controlled temperature and lighting
conditions (22.3 ± 1.9 °C and 12 h light/dark cycle, respect-
ively) at the Animal Experimentation Centre of Alcalá
University of Madrid, Spain (register number
ES280050001165). They were randomized into three groups of
eight rats each and accorded a 7-day acclimatization period to
experimental conditions. Tap water and food were provided
ad libitum.

To induce early-stage T2DM, eight rats (ED group) were fed
the HSF diet formulated with the control RM for eight weeks.
For late-stage T2DM, 16 rats were fed the HSFHC diet contain-
ing the control RM for three weeks, followed by an intraperito-
neal injection of streptozotocin (STZ, 65 mg per kg b.w.) and

Paper Food & Function

1514 | Food Funct., 2024, 15, 1513–1526 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 3
/1

9/
20

26
 7

:2
0:

34
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04103d


nicotinamide (NAD, 225 mg per kg b.w.) (both from Sigma
Aldrich, Madrid, Spain). The NAD was employed to prevent
excessive degeneration of the pancreatic islet cells induced by
STZ administration.35 Four days later, fasting hyperglycaemia
was confirmed, and the 16 animals were further classified into
two groups: LD (control late-stage T2DM rats) and LD-Si. LD
rats continued with the HSFHC diet containing the control RM
until the end of the experiment, while LD-Si rats received the
HSFHC diet containing the Si-RM for 5 weeks. To avoid inter-
assay variations, overnight fasted rats were taken, one from
each group, anesthetized with isoflurane (5% v/v) and eutha-
nized by extracting blood from the descending aorta with a
heparinized syringe. The major lobe of the liver was dissected,
weighed, and processed. All experiments were performed in
compliance with Directive 2010/63/EU of 22 September 2010
(amended by Regulation (EU) 2019/1010) on the protection of
animals used for scientific purposes. The study was approved
by the Spanish Science and Technology Advisory Committee
(project AGL2014-53207-C2-2-R) and by the Ethics Committee
of Complutense University of Madrid, Madrid (Spain).

2.3. Glycaemia and insulin determinations

Blood samples were collected from the tail in fasting con-
ditions in heparinized tubes at the middle of the third week
and at the end of the experiment (from the descending aorta).

Plasma was isolated by centrifugation for 10 min at 986g, and
glycaemia was quantified immediately in a plate reader
(SPECTROstar Nano, BMG LABTECH, Offenburg, Germany) at
492 nm using the GOD kit (Spinreact, Barcelona, Spain).
Insulin was measured only at the end using an ELISA kit (Rat
Insulin Elisa KIT, ELR-Insulin, RayBiotech, Inc, USA) according
to the manufacturer’s instructions. The colour intensity was
evaluated at 450 nm using a microplate reader (SPECTROstar
Nano BMG LABTECH, Offenburg, Germany). HOMA-beta was
calculated as follows: [20× fasting plasma insulin (µIU mL−1)]/
[fasting glucose (mmol L−1) − 3.5].

2.4. Lipoprotein isolation

The different lipoprotein fractions were isolated from 2 mL of
plasma using saline gradient ultracentrifugation (Beckman L8-
70M, IN, USA) with an SW-40.1 rotor following a modification
of the Terpstra et al. method,36 as described by Olivero-David
et al.37 Briefly, the tubes were centrifuged at 272 000g (40 000
rpm) at 4 °C for 21 h 40 min. The isolation of the lipoprotein
fractions was performed considering the conventional density
range for rats of the different lipoprotein classes (VLDL (ρ20 <
1.0063 g mL−1), IDL (1.006 < ρ20 < 1.019), LDL (1.019 < ρ20 <
1.057), and HDL (1.057 < ρ20 < 1.210)).

2.5. Plasma lipid analysis and lipoprotein composition

Triglycerides, total cholesterol, and phospholipids were quanti-
fied in plasma and the lipoprotein fractions (VLDL, IDL, LDL,
and HDL). The measurements were made in plate readers at
492 nm (SPECTROstar Nano, BMG LABTECH, Offenburg,
Germany), using the triglycerides-LQ, cholesterol-LQ and phos-
pholipids kits (Spinreact, Barcelona, Spain) according to the man-
ufacturer’s instructions. Total lipids were calculated as the sum of
triglycerides, cholesterol, and phospholipids. The protein content
of isolated lipoproteins was determined by the Bradford
method.38 The total mass of each lipoprotein fraction was calcu-
lated as the sum of total lipids plus proteins (both in mg dL−1).
The atherogenic index (AI) was determined using the total chole-
sterol/HDL cholesterol ratio.

2.6. Plasma TBARS assay

Plasma oxidation as the TBARS measurement was performed
following the Uchiyama and Mihara method.39

Malondialdehyde (MDA), formed after adding thiobarbituric
acid at elevated temperature, causes complex colouring directly
proportional to the lipid peroxidation. 50 µL of plasma was
mixed with a thiobarbituric acid solution and kept at 100 °C
for 45 min. The MDA content (mg L−1 for plasma) was quanti-
fied using a fluorescence plate reader (FLUOstar Omega, BMG
LABTECH, Offenburg, Germany) at λexc = 485/20 nm and λem =
528/20 nm, extrapolating the readings to the standard curve of
MDA generated by the acid-catalysed hydrolysis of 1,1,3,3-tetra-
methoxypropane (Sigma-Aldrich, Madrid, Spain).

2.7. Plasma arylesterase activity

AE activity was determined in plasma according to the method
of Macho-González et al.40 Simulated body fluid was used as

Table 1 Composition of experimental diets of early-stage diabetes
(ED), late-stage diabetes (LD), and silicon-late-stage diabetes (LD-Si)
groups

Dietary components ED diet LD diet LD-Si diet

Nutrient composition
Proteins (% En)a 14.2 14.0 14.0
Meat Fat (% En) 49.4 49.0 49.0
SFAb/MUFAc/PUFAd ratio 2.7/3.0/1.0 2.1/2.3/1.0 2.1/2.3/1.0
Cholesterol (%) 0.02 0.93 0.93
Energy content (MJ kg−1)
*

20.13 20.31 20.31

Ingredients (g kg−1)
Sucrose 68.3 68.3 68.3
Corn starch 286.1 275.7 275.7
Casein 94.3 94.3 94.3
Maltodextrin 94.3 94.3 94.3
Cellulose 48.9 48.9 48.9
PM 205B SAFEe 50.1 50.1 50.1
PV 200 SAFE f 7.2 7.2 7.2
Soybean oil 47.9 47.9 47.9
L-Cysteine 2.02 2.02 2.02
Cholesterol 0 9.1 9.1
Cholic acid 0 1.3 1.3
Silicon 0 0 0.002
Lyophilized restructured
meat

301.14 301.14 301.14

ED: early-stage diabetes control group, diet containing control
restructured meat; LD: late-stage diabetes group, diet containing
control restructured meat, 1.4% cholesterol, and 0.2% cholic acid;
LD-Si: late-stage diabetes silicon-enriched meat group. a En: total
energy. b SFA: saturated fatty acids. cMUFA: monounsaturated fatty
acids. d PUFA: polyunsaturated fatty acids. e PM 205B SAFE: mineral
mix. f PV 200 SAFE: vitamin mix. *Calculated data considered energy
equivalents for carbohydrates 16.73 kJ g−1 (4.0 kcal g−1), fat 37.65 kJ
g−1 (9.0 kcal g−1), and protein 16.73 kJ g−1 (4.0 kcal g−1).
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buffer and phenylacetate as substrate. The kinetics of the AE
reaction was tested at 270 nm in cuvettes of 10 mm light path
quartz thermostatically controlled at 37 °C in a spectrophoto-
meter (SPECTROstar Nano, BMG LABTECH, Offenburg,
Germany). Plasma-free blanks were used to correct the spon-
taneous hydrolysis of phenylacetate that occurs in the buffer.
Results were expressed as mmol of phenol formed from pheny-
lacetate per minute, which were normalized per litre of plasma
(mmol min−1 L−1).

2.8. Immunohistochemical staining; expression of LDL
receptor and SR-B1 and insulin signalling markers

Paraffin-embedded liver sections from five rats in each experi-
mental group were deparaffinized and rehydrated in a graded
ethanol series. Then, they were heated in 10 mM citrate buffer
(pH 6.0) for antigen retrieval, and endogenous peroxidase was
quenched with 3% hydrogen peroxide. Subsequently, the sec-
tions were incubated overnight at 4 °C with the mouse primary
antibodies anti-SR-B1 and anti-LDLr, anti-InsRbeta, anti-PI3K,
and anti-pAKTSer473 (Santa Cruz Biotechnology Quimigen,
Madrid, Spain). After several washes, the sections were incu-
bated with biotinylated secondary antibody followed by strepta-
vidin–biotin-conjugated horseradish peroxidase (Sigma
Aldrich, Madrid, Spain) using 3,3′-diaminobenzidine (DAB)
(Sigma Aldrich, Madrid, Spain) as a substrate. The sections
were then counterstained with Harris’ haematoxylin. A total of
10 fields per section per rat (20× magnification for image ana-
lysis) were selected and analysed. The positive staining inten-
sity was calculated by assigning scores to the stained area rela-
tive to the total field assessed.

2.9. Plasma markers concurrence

Tertile values were calculated for each plasma variable in the
24 rats studied. Differences in variable distribution among the
groups were later tested. Values for insulinaemia, HOMA-beta
and AI at the first, second, and third tertiles contributed the
values 3, 2, and 1, respectively. In contrast, values of glycae-
mia, insulin signalling markers, triglycerides, and cholesterol
at the first, second, and third tertiles contributed the values of
1, 2, and 3, respectively.

Subsequently, several indexes were obtained taking into
consideration physiological and/or pathological similarities
and associations between variables. This allowed us to obtain
multiple single indexes with higher discriminant power than
individual markers.41,42 The average score was calculated from
the values 1, 2 or 3 assigned to the first, second, and third,
respectively, accounting for the number of rats in each tertile.
Thus, an average score close to three indicates that most of the
animals were located in the third tertile.

Later, a diabetic trend score (DTscore) was obtained by taking
into account the association of glucose, insulin and HOMA-beta.
The DTscore value was calculated by adding the tertile values of
each parameter (DTscore range: 3 to 9). The insulin-signalling
score (ISscore) was obtained by considering the association of
InsRbeta, PI3K and Akt and the score value was calculated by
adding the tertile value of each parameter (ISscore range: 3 to 9).

The diabetic-dyslipaemic score (DDscore) was obtained by consid-
ering the association of cholesterol, triglyceride and the AI and its
value was calculated by adding the tertile value of each parameter
(DDscore range: 3 to 9).

2.10. Statistical analysis

The results were expressed as mean ± SD. Continuous variables
were compared using one-way ANOVA, followed by the post-hoc
Bonferroni or Tamhane T2 method, depending on the
assumption of equality or inequality of variances, respectively.
The Kruskal–Wallis test followed by the Dunn–Bonferroni
approach was used for non-parametric variable comparisons.
Chi-square tests were calculated using contingency tables to
determine differences for hypercholesterolaemia, hypertrigly-
ceridaemia, hyperphospholipidaemia, and rat distribution
among the three experimental groups within the three tertiles
of the different indexes. The Pearson product-moment corre-
lations between parameters and the Spearman correlations
between scores and parameters were also determined.
Statistical significance was considered at p < 0.05. The statisti-
cal analysis was performed using SPSS version 28.0 (SPSS Inc.,
Chicago, Illinois, USA) and graphs were drawn with GraphPad
Prism version 9 (GraphPad Software, Inc., La Jolla, California).

3. Results
3.1. Feed and cholesterol intakes, faecal excretion, and body
weight gain

Feed intake and body weight gain were not significantly affected
by the consumption of the experimental diets (p > 0.05) (Table 2).
However, significant differences were observed in cholesterol
intake, faecal moisture and fat excretion, and dietary and fat
digestibilities (p < 0.01). Cholesterol intake was higher in the LD
and LD-Si groups compared to the ED group (both p < 0.001). In
LD rats, faecal excretion and faecal fat were significantly higher,
while dietary and fat digestibilities were lower (all p < 0.05) com-
pared to ED rats. The LD-Si group showed significantly higher
faecal excretion, faecal moisture, and faecal fat (p < 0.01), but
lower dietary and fat digestibilities (p < 0.01) than the LD group.
When compared to the ED group, LD-Si rats exhibited higher
faecal excretion, faecal moisture, and faecal fat content together
with lower dietary and fat digestibilities (p < 0.01).

3.2. Glycaemia, insulinaemia and HOMA-beta levels and the
diabetic trend score

The dietary treatment had a significant effect on plasma
glucose, insulin, and HOMA-beta levels (p < 0.001) and
DTscore (p < 0.001) (Table 3). When comparing LD to ED, the
LD rats showed significantly higher (p < 0.001) levels of glycae-
mia and DTscore, but lower levels of insulinaemia and HOMA-
beta (p < 0.001). LD-Si rats exhibited intermediate values but
significant differences for all parameters (p < 0.01) compared
to LD and ED rats (Table 3). The prevalence of severe hypergly-
caemia (plasma glucose ≥11.1 mmol L−1 or 200 mg dL−1) was
not affected by the dietary treatment (p > 0.05).
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3.3. Plasma lipids, atherogenic ratios, and diabetic lipid
scores

Plasma triglycerides, cholesterol, total lipids, cholesterol/phos-
pholipid ratio and the AI (total cholesterol/HDL cholesterol)
were significantly affected by the dietary treatment (p < 0.01)

(Table 3). LD and LD-Si rats displayed lower triglycerides, lower
total lipids, and higher AI (p < 0.01) than their ED counter-
parts. LD vs. ED rats showed significantly higher values for
plasma cholesterol, cholesterol/phospholipid ratio and
DDscore (p < 0.01). Total lipids were lower (p < 0.001) in LD-Si
compared to ED rats. The LD-Si group presented lower values

Table 2 Feed intake, cholesterol intake, initial body weight, body weight gain, faecal excretion and dietary and fat digestibilities in early-stage dia-
betes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) rats

ED group LD group LD-Si group ANOVA (p)

Feed intake (g day−1) 17.8 ± 1.2 16.5 ± 0.55 17.1 ± 0.55 NS
Cholesterol intake (mg day−1) 3.6 ± 0.36a 154.0 ± 12.1b 167.1 ± 8.5b <0.001
Initial body weight (g) 253.8 ± 25.3 249.1 ± 14.6 245.6 ± 15.7 NS
Body weight gain (g) 141.6 ± 15.5 123.0 ± 30.2 133.0 ± 33.6 NS
Faecal excretion (g day−1 dry matter) 1.14 ± 0.08a 1.60 ± 0.06b 1.96 ± 0.24c <0.001
Faecal moisture (%) 14.35 ± 1.12a 14.04 ± 1.66a 16.41 ± 1b <0.01
Faecal fat (mg g−1 dry matter) 80.4 ± 7.1a 168.0 ± 7.4b 254.9 ± 15.1c <0.001
Dietary digestibility 0.92 ± 0.01c 0.88 ± 0.01b 0.86 ± 0.01a <0.001
Fat digestibilitya 0.99 ± 0.09b 0.97 ± 0.08b 0.93 ± 0.08a <0.01

Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between groups (p < 0.05, calculated using ANOVA,
followed by Bonferroni post hoc test). NS: no significant differences between groups. a Fat digestibility: (Fat intake – faecal fat)/fat intake.

Table 3 Plasma glucose, insulin, HOMA-beta, triglycerides, cholesterol, phospholipids, total lipids, cholesterol/phospholipids ratio, atherogenic
index (AI), TBARS, arylesterase (AE) and AE/lipoprotein lipid concentrations ratios, diabetic trend (DTscore), dyslipaemic diabetes (DDscore) and dia-
betes insulin-signalling (ISscore) scores of early-stage diabetes (ED), late-stage diabetes (LD) and late-stage diabetes-silicon (LD-Si) groups

ED group LD group LD-Si group ANOVA (p)

Diabetic parameters
Glucose (mmol L−1) 13.9 ± 0.99a 17.74 ± 1.46b 14.99 ± 2.08a <0.001
Insulin (μUI mL−1) 16.05 ± 0.45c 5.3 ± 1.29a 7.65 ± 1.32b <0.001
HOMA-betaa 31.13 ± 3.33c 7.24 ± 1.35a 12.75 ± 3.04b <0.001
Lipidic parameters
Triglycerides (mg dL−1) 135.8 ± 22.46b 77.63 ± 19.81a 52.97 ± 14.95a <0.001
Cholesterol (mg dL−1) 79.39 ± 11.52a 108.2 ± 8.54b 86.65 ± 5.63a <0.001
Phospholipids (mg dL−1) 101.3 ± 24.01 95.88 ± 7.63 91.9 ± 14.03 NS
Total lipids (mg dL−1) 316.5 ± 47.1b 281.7 ± 32.1b 231.5 ± 27.6a 0.001
Cholesterol/phospholipids 0.81 ± 0.16a 1.13 ± 0.11b 0.96 ± 0.16ab <0.01
AIb: total cholesterol/HDLc 1.43 ± 0.24a 2.68 ± 0.55c 2.04 ± 0.16b <0.001
Peroxidation and antioxidant ratios
TBARS (mg L−1) 2.18 ± 0.24a 2.58 ± 0.16b 2.24 ± 0.18a <0.01
AEc (mmol min−1 L−1) 184.5 ± 27.5a 163.4 ± 31.9a 334.0 ± 47.7b <0.001
AE/cholesterol (U mg−1) 0.24 ± 0.04b 0.15 ± 0.03a 0.38 ± 0.06c <0.001
AE/phospholipids (U mg−1) 0.19 ± 0.05a 0.17 ± 0.04a 0.36 ± 0.07b <0.001
AE/VLDLcd (U mg−1) 1.29 ± 0.26b 0.66 ± 0.19a 2.15 ± 0.51c <0.001
AE/VLDLplpe (U mg−1) 0.79 ± 0.12a 0.71 ± 0.17a 2.57 ± 0.66b <0.001
AE/HDLc f (U mg−1) 0.33 ± 0.06a 0.36 ± 0.09a 0.79 ± 0.12b <0.001
AE/HDLplpg (U mg−1) 0.25 ± 0.06a 0.34 ± 0.06a 0.82 ± 0.12b <0.001
Scores Kruskal–Wallis (p)
DTscoreh (3 to 9) 3.29 ± 0.49a 8.57 ± 0.79c 6.14 ± 0.90b <0.001
DDscorei (3 to 9) 5.29 ± 0.95a 7.71 ± 1.25b 5.14 ± 0.90a <0.001
ISscore j (3 to 9) 8.57 ± 0.54C 3.57 ± 0.54a 6.71 ± 0.95b <0.001

Values expressed as mean ± SD. Global dietary effect was measured using one-way ANOVA or Kruskal–Wallis tests, followed by post-hoc
Bonferroni test or T2 of Tamhane or the Dunn–Bonferroni approach, respectively. Values bearing different letters (a < b < c) indicate significant
differences between groups (p < 0.05). NS: No significant differences between groups. To transform mmol L−1 into mg dL−1 of cholesterol, trigly-
cerides, and phospholipids, multiply data by 38.67, 88.57, and 75, respectively. aHOMA-beta: 20× fasting plasma insulin (µIU mL−1)/(fasting
glucose (mmol L−1) – 3.5). b AI: atherogenic index. c AE: arylesterase. d VLDLc: VLDL cholesterol. e VLDLplp: VLDL phospholipids. fHDLc: HDL
cholesterol. gHDLplp: HDL phospholipids. For scores, data represent rat distribution per group into tertiles (n = 7 rats per group). The average
score was calculated by assigning values 1, 2 and 3 to tertiles 1st, 2nd and 3rd, respectively, based on the number of rats in each tertile. The ana-
lysis was made using Kruskal–Wallis test, followed by a non-parametric multiple comparison post hoc test (p < 0.05, a < b < c) or chi-squared test
as appropriate (p value). hDTscore, diabetic trend score: glucose score + insulin score + HOMA-beta score. iDDscore, dyslipaemic diabetes score:
triglyceride score + cholesterol score + atherogenic index scores. j ISscore, diabetes insulin signalling score: InsRbeta score + PI3K score +
pAktser473 score.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 1513–1526 | 1517

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 3
/1

9/
20

26
 7

:2
0:

34
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04103d


(p < 0.05) for cholesterol (p = 0.001), total lipids (p < 0.05), AI
(p < 0.05), and DDscore (p < 0.05) and marginally lower trigly-
ceride levels (p = 0.054) than the LD group.

The prevalence of high triglyceride (≥1.69 mmol L−1 or
≥150 mg dL−1) and high cholesterol (≥2.59 mmol L−1 or
≥100 mg dL−1) was significantly affected by the experimental
diets (p < 0.001). Hypertriglyceridaemia was present in 62.5%
of ED rats but absent in LD and LD-Si rats.
Hypercholesterolaemia was prevalent in LD rats (87.5%) but
absent in ED and LD-Si rats.

A cholesterol/phospholipid ratio greater than 1 has been
suggested as a surrogate index of mild hypercholesterolaemia,
while a ratio greater than 2 indicates frank hypercholesterolae-
mia.43 According to this ratio, 12.5% of ED rats and 37.5% of
LD-Si rats presented mild hypercholesterolaemia, indicating
that the dietary treatment significantly influenced the preva-
lence of hypertriglyceridaemia and hypercholesterolaemia.

3.4. Plasma TBARS, arylesterase activity, and arylesterase
lipoprotein ratios

Plasma TBARS, AE activity, AE/cholesterol, AE/phospholipids,
AE/VLDL cholesterol, AE/VLDL phospholipids, AE/HDL chole-
sterol, and AE/HDL phospholipids are shown in Table 3.
Dietary treatment significantly influenced TBARS (p < 0.01),
AE, and AE to any lipid lipoprotein ratios (p < 0.001).

LD vs. ED rats showed higher levels of plasma TBARS (p <
0.01) but lower AE/cholesterol and AE/VLDL cholesterol (both
p < 0.01). AE and all AE to any lipid lipoprotein ratios were sig-
nificantly higher (p < 0.05) in LD-Si rats than in ED rats. LD-Si
compared to LD rats exhibited lower plasma TBARS (p < 0.05),
higher AE activity (p < 0.001) and higher AE to any lipid or
lipoprotein ratios (p < 0.001).

3.5. Net and percentage contribution of lipids in lipoproteins
to lipoprotein composition

The compositions of the different lipoprotein fractions are
shown in Fig. 1. With the exception of VLDL-protein and LDL-
and IDL-triglycerides, most lipid components, total lipids, and
total lipoprotein mass of the VLDL, IDL, LDL and HDL frac-
tions were significantly affected by the experimental diets (p <
0.001). Regarding the VLDL fraction, the LD group exhibited
significantly (p < 0.05) higher cholesterol but lower triglycer-
ide, total lipids and total mass contents compared to the ED
group. Finally, LD-Si rats exhibited lower amounts (p < 0.01) of
triglycerides, phospholipids, total lipids and total mass than
ED rats. LD-Si vs. LD rats had significantly lower levels (p <
0.05) of cholesterol, triglycerides, phospholipids, total lipids,
and total mass than LD rats.

In relation to IDL, the LD and LD-Si groups showed signifi-
cantly (p < 0.05) higher levels of cholesterol, phospholipids,

Fig. 1 Plasma lipoprotein profile displaying triglycerides (TG), cholesterol (Chol), phospholipids (PLP), proteins, lipids and mass of each lipoprotein in
early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. (A) VLDL, (B) IDL, (C) LDL, (D) HDL expressed in mg dL−1.
Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between groups calculated using ANOVA (p < 0.05).
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protein, total lipids, and total mass (p < 0.001) than the ED
group, but lower levels of triglycerides that were not significantly
different. The composition of IDL in LD-Si rats did not signifi-
cantly differ from that of LD rats. These effects were also observed
in the LDL fraction, differing in triglyceride contents, which were
also higher in LD and LD-Si rats (without significance).

With respect to HDL, the LD group showed significantly (p
< 0.05) lower values of cholesterol, phospholipids, proteins,
total lipids, and total mass compared to the ED group. LD-Si
rats had significantly (p < 0.05) lower levels of cholesterol,
phospholipids, total lipids and total mass, but higher triglycer-
ides than the ED group. Lastly, LD-Si rats exhibited signifi-
cantly higher quantities of triglycerides (p < 0.05) than LD rats.

Fig. 2 shows the percentage contributions of the different
lipids and proteins to the total mass of plasma VLDL, IDL, LDL,
and HDL fractions. The dietary treatment significantly influenced
the relative transport of triglycerides, cholesterol, phospholipids,
and protein content of VLDL, IDL and LDL (all p < 0.001). For
HDL, it only changed triglycerides and proteins (p < 0.05).

Regarding VLDL composition (p < 0.01), all components
were significantly affected. ED rats presented VLDL with high
triglyceride content (about 2/3 of total mass). Meanwhile,

VLDL in LD and LD-Si rats showed higher phospholipids (p <
0.001) and cholesterol (p < 0.001) but lower triglyceride percen-
tages than ED rats (p < 0.001). In comparison, VLDL in LD-Si
rats compared to LD rats showed higher cholesterol and
protein (p < 0.001) levels, but lower triglycerides (p < 0.001).

LD rats compared to their ED counterparts presented IDL
enriched in cholesterol and proteins but scant in triglycerides
(p < 0.01). The LD-Si group presented higher cholesterol and
protein values but lower triglycerides and phospholipids (p <
0.01). LD-Si rats exhibited higher cholesterol (p < 0.001) but
lower phospholipid contribution than LD rats.

The contributions to total LDL mass of cholesterol, proteins
and phospholipids in LD and LD-Si rats vs. their ED counter-
parts were higher (p < 0.0001), while those of triglycerides
were lower (p < 0.0001). Furthermore, phospholipids contribu-
ted more (p < 0.0001) to the LDL total mass in the LD-Si group
than in the LD group.

Regarding HDL mass, in ED rats, cholesterol, phospholi-
pids, and proteins were the major contributors. Regarding
HDL fraction, a lower percentage of phospholipids (p < 0.05)
and a higher percentage of proteins (p < 0.001) were found in
LD-Si rats vs. the ED and LD counterparts.

Fig. 2 Relative lipoprotein composition or percentage contribution of lipids (proteins, phospholipids, cholesterol and triglycerides) to lipoproteins
in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) rats. (A) VLDL, (B) IDL, (C) LDL, (D) HDL expressed in per-
centage contribution to total mass (g per 100 g). Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between
groups, calculated using ANOVA (p < 0.05).
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HDL appeared as the major carrier of cholesterol, phospho-
lipids and proteins, while VLDL was the major carrier of trigly-
cerides, followed distantly by the HDL fraction (Fig. 2).

3.6. Liver LDL receptor and SR-B1, InsRbeta, PI3K,
pAKTSer473 immunohistochemistry expression; the insulin sig-
nalling score

The dietary treatment had a significant influence on all
markers except SR-B1 immunohistochemistry expression (p <
0.05) (Fig. 3 and 4).

LDLr in LD-Si rats showed lower levels than in LD (p < 0.01)
and ED rats (p < 0.0001). LD rats showed lower immunohisto-
chemistry levels than ED for InsRbeta (p < 0.01), PI3K (p <
0.01), and pAKTSer473 (p < 0.01), which are markers of the
insulin pathway. LD-Si displayed higher immunohistochemical
expression of InsRbeta, PI3K and pAKTSer473 than LD rats (all p
< 0.01) but lower pAKTSer473 than ED rats (p < 0.05).

The ISscore was also affected by the dietary treatment (p <
0.01), with LD rats showing significantly lower scores than ED
or LD-Si rats (p < 0.05) (Table 3).

3.7. Marker correlation among glycaemic status and
dyslipidaemia markers and scores

Pearson moment or Spearman correlations between the
different scores, AI, TBARS and cholesterol transporters were
calculated.

Fig. 5 summarizes all significant correlations found, which
are highlighted and marked with asterisks. A strong positive
association was observed between the DTscore and the AI (r =
0.811, p < 0.001), while ISscore and LDLr (r = −0.867, p <
0.001) showed a negative significant correlation.

DTscore and DDscore were positively and significantly
associated (r = 0.595, p < 0.01). ISscore was negatively and sig-

nificantly correlated with DTscore (r = −0.882, p < 0.001) and
DDscore (r = −0.686, p < 0.01).

4. Discussion

Diabetic dyslipidaemia is the primary and most common lipid
alteration in T2DM.3 Rat is one of the most used models in
cholesterol metabolism studies44 and has been used as NASH
and NAFL models.33 However, there is limited evidence avail-
able regarding the benefits of incorporating silicon as a
dietary functional ingredient for T2DM prevention and treat-
ment. The results presented in this manuscript shed light on
the role of silicon in reducing the detrimental effects of
HSFHC meat-based diets on late-stage T2DM lipoprotein
metabolism, bringing rats near, at least partially, to an earlier
stage of T2DM. Silicon contributes to increase insulinaemia
and HOMA-beta and reduce glycaemia, plasma oxidation, lipi-
daemia and the concentration of atherogenic lipoproteins
(e.g., VLDL, IDL, and beta-VLDL). Beta-VLDL are highly athero-
genic lipoproteins present in animals fed high-cholesterol
diets.45 In addition, the consumption of silicon-enriched meat
significantly reduced the level of some indices generated by
the concurrence of selected markers, clearly indicating
improvement in the dyslipidaemia associated with the rat dia-
betic status.

The experimental diets were well accepted by all three
groups studied. Feed intake did not differ from previous
studies performed in rats fed other functional-meat
products.8,25,36,41,46 Feed intake and weight gain were not
affected by the dietary treatments, indicating that the differ-
ences observed in faecal excretions and dietary digestibility
were due to cholesterol and silicon intakes. LD-Si rats, in com-
parison to LD rats, exhibited higher total faecal and fat

Fig. 3 Immunohistochemical measurements of LDL receptor and SR-B1 in the early-stage diabetes (ED), late-stage diabetes (LD), and late-stage
diabetes-silicon (LD-Si) groups. Immunoreactivity scores (IRS) of (A) low density lipoprotein receptor (LDLr), (B) scavenger receptor class B type 1
(SR-B1). Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between groups, calculated using ANOVA (p <
0.05). (C) Representative images of immunohistochemistry labelling anti-LDLr and anti-SR-B1 antibodies. Scale-bar: 50 µm.
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excretion, suggesting that the silicon-enriched RM-diet may
have an anti-constipation effect. This contributes to lower
dietary and fat digestion and absorption, which is particularly

valuable for individuals with T2DM who consume HSHC diets.
Our findings align with previous research conducted on aged
rats with steatosis25 and highlight the capacity of silicon to
create molecular crosslinks, allowing the formation of in-
soluble and non-absorbable esters, similar to the interaction
observed between divalent cations and saturated fatty acids.47

Hyperglycaemia and hyperlipidaemia were observed in the
ED models, suggesting that feeding a HSF diet induced insulin
resistance (IR) and relatively low values of HOMA-beta, which
are indicative of early-stage T2DM. These results are consistent
with those found in different animal models.48,49 Unpublished
data from our research group in healthy control rats suggest
that the overall secretion capacity of insulin (given by HOMA-
beta) was 3 to 5 times higher than the values observed in ED
rats.

The lipid and lipoprotein profile observed in ED rats corres-
ponds to that of diabetic rats, characterized by the presence of
a large amount of triglyceride enriched VLDL.3,50 In fact, iso-
lated VLDL in ED rats contained 3 to 4 times more triglycer-
ides compared to that in control rats51 and 2.5 times more
than in aged control rats.26 This suggests an imbalance
between the production and catabolism of VLDL particles.
Almost two-thirds (62.5%) of ED rats exhibited hypertriglyceri-
daemia, as their plasma triglyceride levels exceeded the cut-off
point of 1.7 mmol L−1 for hypertriglyceridaemia.52

The small amount of IDL and LDL particles found in ED
rats (only 5% of the total plasma lipoprotein mass) and the
high amount and contribution of HDL (53% of total lipopro-

Fig. 5 Interactions between glycaemic status and dyslipidaemia
markers and scores. Pearson and Spearman correlation values were
used for the matrix. The colour intensity of the heatmap represents the
association degree: blue: positive association, orange: negative.
*Denotes adjusted p < 0.05, **p < 0.01, ***p < 0.001. The parameters
displayed in the heatmap are atherogenic index, DTscore: insulin +
glucose + HOMA-beta, TBARS plasma, DDscore: cholesterol + triglycer-
ides + atherogenic index, SR-B1, LDLr, ISscore: AKT + PI3K + InsRbeta.

Fig. 4 Immunohistochemical measurements of InsRbeta, PI3K and pAktSer473 in the early-stage diabetes (ED), late-stage diabetes (LD), and late-
stage diabetes-silicon (LD-Si) groups. Immunoreactivity scores of (A) insulin receptor beta (InsRbeta), (B) phosphoinositol 3 kinase (PI3K), (C) protein
kinase B phosphorylated at Ser473 (pAktSer473). Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between
groups, calculated using ANOVA (p < 0.05). (D) Representative images of immunohistochemistry labelling anti-InsRbeta, anti-PI3K and anti-
pAktSer473 antibodies. Scale-bar: 50 µm.
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tein mass, 70% of the total plasma cholesterol) suggest that
ED rats were in an early state of diabetes, as normal rats
exhibit preponderant lipid transport by HDL. Rats have been
considered an HDL animal model.43

Clear differences were observed in the glycaemic status and
the amount and composition of lipoproteins in rats belonging
to the early and late stages of T2DM in both experimental
models. LD rats showed 28% higher glycaemia, 66% less insu-
linaemia, and 77% lower HOMA-beta values, suggesting clear
late-stage T2DM. In contrast, ED rats were in the early stage of
T2DM.53 In fact, the DTscore in LD rats was 2.63 times higher
than that of their ED counterparts.

The impairment of glycaemic homeostasis had noticeable
effects on lipidaemia, lipoproteinaemia, and plasma oxidation
status. In fact, the atherogenic index of LD rats was 1.66 to
1.75 times higher than that of ED rats, suggesting an increased
CVD risk. LD rats also exhibited higher plasma TBARS levels
and lower AE activity or a lower AE/cholesterol ratio than their
ED counterparts, confirming the evolution of T2DM. The pres-
ence of dyslipidaemia, high oxidation, and hyperglycaemia has
a negative effect on pancreatic functionality and T2DM
evolution.35,53 Actually, the DTscore and DDscore significantly
correlated (Y = −1.104 + 1.186 X, r = 0.595, p < 0.01), with X
being the DTscore and Y the DDscore.

Interestingly, the consumption of a HSFHC diet, as
opposed to an HSF one, led to a different dyslipaemic pattern:
none of the LD rats presented hypertriglyceridaemia, but 87%
of them became hypercholesterolaemic (plasma cholesterol
≥2.59 mmol L−1). LD rats exhibited a 40% higher cholesterol/
phospholipid ratio than ED rats. It should be noted that a
plasma phospholipid/cholesterol ratio (both measurements
expressed as mg dL−1) higher than one has been suggested as
a potential marker of hypercholesterolaemia for rats.43

Regarding lipoprotein metabolism, LD animals showed
reduced levels of HDL-mass and HDL-cholesterol levels com-
pared to ED rats. Conversely, LD vs. ED rats presented in IDL
and LDL fractions higher amounts of cholesterol (2.8 and 9.6
times, respectively), proteins (15.7 and 11.6 times, respect-
ively), and total mass (4.2 and 5.3 times, respectively). These
findings clearly denote a higher number of remnant and
atherogenic particles. On the other hand, the mass of VLDL
was 27% lower, with a significant 5-fold increase in the chole-
sterol/triglyceride ratio of these lipoproteins. This suggests the
presence of cholesterol-enriched and triglyceride-depleted
VLDL. These results regarding lipoprotein fractions are con-
sistent with previous observations made by our research group
on cholesterol-fed rats with the presence of atherogenic chole-
sterol-enriched VLDL.8,25,37,45,51

Increased levels of IDL and LDL fractions were also
observed in previous studies where rats were fed meat-based
diets enriched in dietary cholesterol.8,25,37 The results in LD
rats suggest a reduction in the catabolism of those lipoproteins
due to a decreasing tendency in LDLr levels (26% lower in LD
rats compared to ED rats). In situations where LDLr is downre-
gulated, the removal of LDL and VLDL remnants decreases,53

thus contributing to the presence of these atherogenic par-

ticles in LD rats. Several significant correlations between lipo-
protein markers and glycaemic homeostasis markers were
found, adding evidence to the association between the
DTscore and DDscore.

With respect to the HDL fraction, a lower amount of the
total mass, total protein and lipids was observed. In general
terms, it can be accepted that the number of HDL particles
was lower in LD rats in comparison with ED rats, as the per-
centual amount of all components, except of triglycerides, did
not significantly change. Lower levels of HDL cholesterol, HDL
lipids and HDL mass have been reported in cholesterol-fed
animals.3,38,42 This is the result of an increased uptake of HDL
by the liver SR-B1 receptor to help eliminate cholesterol
through bile.54 Although the dietary treatment did not have a
significant effect on SR-B1 abundance, LD rats tended to show
42% higher SR-B1 values than ED rats.

One of the most crucial findings of this study is the significant
decrease in glycaemia (16%) and the increase in insulinaemia
and HOMA-beta (50%) observed in LD-Si rats when compared to
their LD counterparts. This suggests that Si was able to reduce
the negative effects observed in LD animals by the combined
action of an HSFHC diet and a STZ-NAD injection. In fact, the
DTscore was 28% lower in LD-Si rats than in LD animals, indicat-
ing that LD-Si rats were in an earlier stage of T2DM than their LD
counterparts.35,53 In addition, the glycaemia of LD-Si rats did not
significantly differ from that of ED rats, although their insulin
(HOMA-beta) levels were higher than those of LD rats, but still
lower than those of ED rats. This suggests once more that the
evolution of late-stage diabetes was slowed down by the consump-
tion of silicon-enriched meat.

LD-Si rats exhibited lower levels of cholesterol, phospholi-
pid, and triglycerides, as well as lower atherogenic ratios than
LD rats, clearly supporting the hypolipemic effects of silicon,
which were previously observed in aged rats fed silicon-
enriched HSFHC diets.25

In line with previous results, the silicon in the diet induced
higher faecal fat content (34%) and total faecal excretion
(22%) and reduced dietary and fat digestibilities (6.5% and
4%, respectively). These facts could be explained, at least par-
tially, by the ability of silicon to create molecular crosslinks,
enabling the formation of more or less absorbable esters and/
or ethers,25 as has been previously discussed.

LD-Si rats showed lower plasma TBARS but higher AE
activity in plasma compared to their LD counterparts,
suggesting a clear antioxidant effect of dietary silicon.
Garcimartín et al.25 reported a significant reduction in
VLDL-TBARS in aged rats fed silicon-enriched HSFHC diets,
along with increased AE activity, which explains, at least par-
tially, the present results. Silicon has been found to reduce
brain oxidation (as indicated by TBARS levels in rats intoxi-
cated with aluminium).27,29 Although the AE/cholesterol and/
or total cholesterol/HDL cholesterol ratios55 are normally used
as markers of antioxidant capacity, given the more external
and pro-oxidative position of phospholipids in lipoproteins,
the ratios of AE/phospholipids and AE/VLDL phospholipids
could be highly diminished by oxidation. LD-Si rats exhibited
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increases in AE and the AE/cholesterol, AE/VLDL cholesterol,
and AE/VLDL phospholipids ratios compared to their LD
counterparts, suggesting that AE activity was higher due to Si
ingestion. AE is one of the three activities of the paraoxonase-1
(PON-1) enzyme, which has been proposed to be a suicide
enzyme,15 acting prior to other antioxidant enzymes to main-
tain the antioxidant status. Given the demonstrated anti-
oxidant effects of silicon,25–29 it can be suggested that AE is
preserved in ED-Si rats.

The observed changes in lipoproteins in LD-Si rats and LD
rats also indicate that the negative effects previously observed
in LD rats were partially blocked by silicon-enriched meat com-
pared to control meat.

The ingestion of silicon-enriched meat was found to pri-
marily affect the VLDL fraction, leading to a 3-fold reduction
in the total mass of this lipoprotein fraction. These results are
once more in agreement with previous findings on aged rats
fed silicon-enriched meat.25 A detailed study suggests that the
VLDL fraction of LD-Si rats was highly depleted in triglycerides
and phospholipids compared to that of LD rats. This hypolipe-
mic effect of silicon could be due to a reduced synthesis of
VLDL, probably related to an increased availability of fatty
acids for liver cholesterol esterification.45,56 The expression of
sterol O-acyltransferase has been found to reduce the chole-
sterol-free liver pool and increase the cholesterol ester pool as
a strategy to enhance LDLr levels.10 In our study, the abun-
dance of LDLr was lower in LD-Si rats compared to LD rats,
which is not in agreement with previous results obtained in
hypercholesterolemic rats fed Si-enriched meat25 or seaweed-
enriched meat.37 This suggests that the late stage of T2DM
negatively influenced LDLr expression. However, it should be
noted that abundance and gene expression are not always cor-
related, as post-translational effects can be induced.56

Therefore, other hypotheses should not be disregarded.
Rats show very rapid liver uptake of VLDL after their

secretion, which explains the low transfer of apo B 100 from
VLDL to IDL and LDL, as well as the low IDL and LDL values
in rats.57 Silicon could induce rapid fatty acid beta-oxidation,
decreasing its bioavailability for triglyceride synthesis and the
formation/secretion of VLDL. It can be suggested that the low
LDLr found could be sufficient to assure VLDL and remnant
lipoprotein uptake in LD-Si rats. Nonetheless, we are far from
knowing the precise mechanism involved.

The InsRbeta/PI3K/AKT pathway participates in the assem-
bly and maturation of VLDL58 and accounts for the lower
amount and size of VLDL. Likewise, the improvement in
insulin signalling (given by the ISscore) in LD-Si vs. LD rats’
livers also suggests an improvement of glucose uptake in
different tissues through AKT phosphorylation, as proposed by
Macho-González et al.35

The PI3K (r = −0.539, p < 0.05) and pAktser473 (r = −0.484, p <
0.05) levels, quantified by immunochemistry, significantly and
negatively correlated with VLDL cholesterol; the latter also showed
a negative correlation with HOMA-beta (r = −0.454, p < 0.05).

Considering the VLDL, IDL and LDL composition of LD-Si rats
compared to that of their LD counterparts, it can be suggested

that silicon influenced the clearance of remnant lipoproteins. In
LD-Si rats, VLDL contributed less to blood cholesterol transport
than IDL, while in LD rats, VLDL appeared as a major cholesterol
carrier compared to IDL (Fig. 2).

Cholesterol ester transfer protein (CETP) is very poorly
expressed in rats,59 which would explain the relatively high
contribution of triglycerides by HDL or LDL to total plasma tri-
glycerides in LD-Si rats vs. LD rats. Currently, we do not have a
clear explanation for these results; however, the passive trans-
ference of lipids between lipoproteins in rats should not be
discarded.

The total mass and composition of HDL were not signifi-
cantly modified in LD rats compared to ED animals, which
explains the similar SR-B1 levels in both rat groups. Lecithin
cholesterol acyltransferase (LCAT), an enzyme that acts on
HDL, is a key component of reverse cholesterol transport.57 In
murine lipid metabolism, HDL accepts non-esterified chole-
sterol from peripheral tissues, and the non-esterified chole-
sterol is converted into the ester form by the action of LCAT.
Subsequently, the cholesteryl esters are delivered to the liver.
In rats, a significant hepatic uptake of cholesteryl ester from
HDL has been observed.59,60

In line with previous studies in control animals, VLDL was
identified as the major carrier of TG, followed by HDL.37,45,46

However, the diet highly influenced the VLDL-triglyceride/
HDL-triglyceride ratio (about 8 in ED rats, 4 in LD and about 1
in LD-Si). HDL was the major carrier of cholesterol, phospholi-
pids, and protein, followed by VLDL (the HDL-cholesterol/
VLDL cholesterol ratios were 4, 1.66 and 3 in ED, LD and
LD-Si, respectively), suggesting that LD-Si rats exhibited an
intermediate metabolic state between ED and LD rats.

In order to assess the relationship between modifications
in lipid metabolism markers and diabetic status, different
parameters were compared and correlated. DDscore and
DTscore showed a high correlation coefficient (r = 0.595, p <
0.01). The regression equation found suggests that a one unit
increase in the DTscore corresponds to a change of 1.186 units
in the DDscore.

Both scores are also positively correlated with the AI and
TBARS in plasma but inversely with SR-B1, LDLr and the
ISscore (Fig. 5), confirming the validity of this score as a pre-
dictive parameter in spite of other isolated markers. Although
the relationship found between the diabetic trend and diabetic
dyslipidaemia scores is very relevant, some limitations should
be acknowledged: (1) the study was conducted solely on young
male rats, (2) healthy controls were not included, (3) only one
dose of silicon was tested, and (4) the study lasted only 8
weeks. As T2DM is a chronic degenerative disease, future
research should analyse the effects of silicon itself and/or
silicon-enriched meat in female rats, as well as in animal
models following longitudinal studies. In addition, as silicon
has been found to be safe in healthy and aged rats,25 it would
be desirable to conduct clinical trials in prediabetic and dia-
betic men and women.

In conclusion, the present results demonstrate, for the first
time, that a diet containing meat formulated with silicon
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improves both dyslipidaemia and HOMA status, leading to a
less advanced late stage of T2DM and restoring pancreatic
functionality. Fundamentally, silicon reduces plasma triglycer-
ide levels and the presence of VLDL by increasing faecal fat
excretion and improving the insulin secretory function (as
HOMA-beta). At same time, it favours the clearance of VLDL
and IDL while inducing a lower prooxidant status by decreas-
ing TBARS in plasma and preserving high levels of AE and AE/
phospholipid activity. Therefore, the results support the idea
that silicon-enriched meat could be an adequate functional
food for consumption by T2DM patients, as it may slow down
disease progression and improve associated dyslipidaemia.
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